Abstract. We present a new, high spatial resolution image of stress orientation in southern California based on the inversion of earthquake focal mechanisms. We use this image to study the mechanics of faulting in the plate boundary region. The stress field contains significant spatial heterogeneity, which in some cases appears to be a result of the complexity of faulting and in other cases appears to be a cause. Temporal changes in the stress field are also observed, primarily related to major earthquakes. The observed 15 ø (•10 ø) rotation of the stress axes due to the 1992 M7.3 Landers mainshock implies that the deviatoric stress magnitude in the crust is low, of the order of 10 MPa. This suggests that active faults in southern California are weak. The maximum principal stress axis near the San Andreas Fault is often at -•50 ø to the fault strike, indicating that the shear stress on the fault is comparable to the deviatoric stress. The San Andreas in southern California may therefore be a weak fault in a low-strength crust.
Introduction
The boundary between the Pacific and North American plates in southern California is a zone of complex deformation over 100 km wide. The right-lateral, strikeslip San Andreas is the major fault, but there are many The earthquake focal mechanisms are inverted for stress using the method developed by Michael [1984] . The inversion returns the orientation of the three principal stress axes and a measure of their relative magnitude. Hardebeck and Hauksson [2001] demonstrate that this inversion method produces accurate stress orientations with reasonable uncertainty estimates. The inversion of earthquake focal mechanisms for stress orientation relies on two assumptions about the data set: that stress is relatively homogeneous over the spatial and temporal extent of the events and that the focal mechanisms are adequately diverse. The assump-varies greatly, from -•N30øW to -•N45øE (Plate 1). If the orientation of er• is not distinguishable from N7øE at the 95% confidence level of the inversion, it is shown in Plate I as N7øE. Any observed spatial heterogeneity in stress orientation is therefore statistically significant with respect to the computed uncertainty.
'rhroughout most of southern California, the intermediate stress axis, er2, is closest to vertical, consistent with strike-slip faulting [Anderson, 1951] . There are also regions in which er• or era is closest to vertical, corresponding to the presence of active normal or thrust faults. A variation of the relative magnitude parameter [Simpson, 1997] is used to indicate which principal stress is closest to vertical (Plate 2). The deviation of this axis from vertical is generally not statistically significant.
The stress inversion results for most seismically active regions appear to be of good quality. Shown in Plate 3 are four measures of the quality: the spatial resolution; the ler uncertainty of the stress orientation, as found by bootstrap resampling ; the average misfit of the focal mechanisms to the best fit stress tensor; and a measure of the diversity of the focal mechanisms. Most of the study area is covered at ,,•5-12 km resolution and has a stress orientation uncertainty (12 ø . The mechanism diversity is generally high, with an RMS angular difference from the mean mechanism of >40 ø, indicating that there is adequate mechanism diversity for reliable stress inversion. While much of the region shows average focal mechanism misfit (40 ø , in some areas, there are clusters of higher misfit, indicating that the stress field there is very heterogeneous and that the uniform part of the stress field may not have been found by the inversion. We created a focal mechanism data set from ob- The Landers earthquake appears to have rotated the stress axes in some regions by 15 ø (+10 ø) (Figure 2 and Table 1 , [Hauksson, 1994] ). The premainshock and postmainshock seismicity is not collocated, so it is possible that the apparent temporal stress rotation is due to differences in sampling of a region containing spatial variations in stress orientation. However, since the pre-Landers stress state does not show any significant spatial or temporal variation [Hauksson, 1994] , it is not unreasonable to assume that the premainshock stress 
Transverse Ranges
The rotation depends on only two parameters: 0, the orientation of the fault relative to the preearthquake stress field, and At/r, the ratio of the earthquake stress drop to the background deviatoric stress level. A0 versus 0 is shown for various values of Ar/r in Figure 9 . The ratio Ar/r can be estimated from observed 0 and A0 using this solution. The stress rotations for three segments of the Landers earthquake (Figure 2 Over the -020-year time span of the events used in this study, major earthquakes appear to be the dominant cause of temporal evolution of the stress field. In the long term, tectonic loading should approximately cancel out stress changes due to earthquakes. However, since tectonic loading is a much slower process, the stress changes associated with it cannot be confidently observed with -•20 years of earthquake data.
The magnitude of the deviatoric stress can be estimated from the rotation of the stress field caused by major earthquakes. The observed 15 ø (4-10 ø ) stress rotation due to the 1992 Landers earthquake implies that the deviatoric stress is of the order of 10 MPa. This is an order of magnitude less than the fault strength predicted from laboratory experiments, implying that the RMS difference from mean mechanism (degrees) RMS difference from mean mechanism (degrees) Figure A4 . Results from the inversion of •,,12,000 synthetic focal mechanism data sets generated from stress states A and B /see Figure A1 ), with varying numbers of events/30, 50, 100 or 300), level of diversity, and focal mechanism error. The data sets are grouped in 5 ø bins based on the focal mechanism diversity, as measured by the RMS difference of the mechanisms from the average mechanism. For each bin we plot the percent of data sets for which the correct stress state falls within the computed 95% confidence region. The change from a low percentage to a high percentage indicates the critical level of diversity at which reliable stress inversions become possible.
cannot constrain the stress tensor. An adequately diverse set of fault planes is necessary to obtain a reliable inversion result. However, to our knowledge, no one has quantified how diverse a set of focal mechanisms must be.
We quantify adequate mechanism diversity through a simple test on synthetic data. We select two stress states for which •rz is in the same quadrant for a reference focal mechanism and measure how much a focal mechanism data set must vary from the reference mechanism in order to differentiate and correctly recover the two stress states. We generalize the results to propose a simple test which may be used to determine whether a focal mechanism data set is adequately diverse for use in stress inversions. For each focal mechanism data set the diversity is quantified by computing an average mechanism and finding the RMS angular difference of the focal mechanisms from this average mechanism. Several other measures of mechanism diversity were also tried, but the RMS angular difference found to be the most diagnostic. Example data sets with varying diversity are shown in Figure A2 .
Results for perfect data (no mechanism error and no fault plane ambiguity) are shown in Figure A3 . When the mechanism diversity is very low, _•10 ø, the inversion results for data generated from stress states A and B are indistinguishable, both with a c•H direction of -•N15øE, -•45 ø from the strike of the reference fault. As the diversity increases, the two stress states become more differentiated. For diversity of -•30 ø or more, both stress states are correctly recovered to within the computed 95% confidence regions.
The results for • 12,000 synthetic data sets are shown in Figure A4 . The percent of data sets for which the correct stress state falls within the computed 95% confidence region is plotted versus mechanism diversity. For each level of error, there is a clear critical diversity :ow which the majority of inversions do not recover the correct stress state and above which they do. The critical diversity is - From this simple synthetic test we have demonstrated that a mechanism diversity of •40ø-45 ø (for data sets with 10ø-20 ø error) is adequate to differentiate between and correctly recover two stress states which would be indistinguishable with inadequate mechanism diversity. We generalize this result to propose that a given cal mechanism data set is adequately diverse for use in stress inversions if the RMS difference from the average mechanism is greater than -•40ø-45 ø.
